Tolerance is the situation when exposure to an antigen renders an animal immunologically unresponsive to that antigen even though it responds normally to other antigens. Tolerance is thus distinct from immunosuppression or immunodeficiency, when there is a nonspecific decreased response to a wide range of antigens. As pointed out elsewhere (Allison 1972), understanding why specific immune responses are switched on or off is not only a problem of considerable theoretical interest, but also of clinical importance in relation to organ grafting, autoimmunity and other topics.
Interactions of Thymus-dependent and Bone-marrow-derived Lymphocytes in Immunological Tolerance
Tolerance is the situation when exposure to an antigen renders an animal immunologically unresponsive to that antigen even though it responds normally to other antigens. Tolerance is thus distinct from immunosuppression or immunodeficiency, when there is a nonspecific decreased response to a wide range of antigens. As pointed out elsewhere (Allison 1972) , understanding why specific immune responses are switched on or off is not only a problem of considerable theoretical interest, but also of clinical importance in relation to organ grafting, autoimmunity and other topics.
Immunological tolerance is a large subject and in this paper there is space only for discussion of a few aspects in which I have been personally interested. These concern interactions of thymusdependent (T) and bone-marrow-derived (B) lymphocytes in antibody formation and the light these interactions throw on mechanisms of unresponsiveness to autoantigens and the failure of these mechanisms in autoimmunity.
Co-operation of B and TLymphocytes in Antibody Formation
It is generally accepted that antibodies are formed by B lymphocytes and their differentiated progeny of the lymphocyte-plasma cell series. B lymphocytes have surface immunoglobulins which are specific receptors for antigen, each B cell responding to only one or a very restricted range of antigenic determinants. Contact of B lymphocytes with antigen under the right conditions causes that group of cells (but not others) to divide, differentiate and secrete antibody. Contact with antigen under other conditions can induce specific unresponsiveness. With most antigens the presence of specifically reactive T cells increases the probability that B cells will also respond; the T cells exert a helper effect. With some antigens bearing repeating antigenic determinants in certain configurations (such as pneumococcus polysaccharide and bacterial endotoxin among naturally-occurring antigens) there is no demonstrable T cell helper effect, but this is exceptional. The helper T cells do not have to respond to the same antigenic determinant to which the B cells respond, but the two antigenic determinants must be on the same molecule. Thus if a chemically defined hapten is attached to a carrier protein, a T cell response to the carrier is required for B cells to make antibody directed against the hapten, and there is evidence that similar helper effects occur with different determinants on naturally-occurring antigens (see Mitchison 1971) .
Tolerance in B and TLymphocytes
When foreign serum protein antigens, such as albumin and gamma globulin, are administered to experimental animals in high doses or repeated low doses tolerance is induced whereas at intermediate dosage antibodies are formed (Dresser & Mitchison 1968 ). Evidence is accumulating that in low-dose tolerance specific unresponsiveness of T lymphocytes has been induced: B lymphocytes from tolerant donors are able to form antibody when transferred to irradiated recipients (Chiller et al. 1971) . In contrast, high-dose tolerance, at least to some antigens such as serum albumin, results in specific induced unresponsiveness of B cells, which disappears in the absence of antigen (Chiller et al. 1971) . Induction of B cell unresponsiveness may not occur with all antigens; thus Cooper & Ada (1973) found that repeated administration of hlemocyanin to mice induced what would be thought of as high-dose tolerance, with absence of specifically reacting T cells but the presence of B cells binding and capable of reacting to hemocyanin. Thus it is clear that specific unresponsiveness is more readily induced, and also endures longer, in T lymphocytes than in B lymphocytes. B Lymphocyte Responses to Autoantigens According to Burnet's (1959) postulates, antibodies against an animal's own body constituents are not formed because the antigens are secluded from the cells of the immune system or because specific antibody-forming cells are eliminated or inactivated as a result of exposure to antigen early in the course of their development. The seclusion hypothesis is now disproven for a number of relevant antigens such as thyroglobulin, which has been demonstrated in the serum of adults and newborns in concentrations in the range of 10-100 ng/ml (Torrigiani et al., 1969) . There are many difficulties about Burnet's second hypothesis, including the ease with which autoantibodies can be elicited when animals are given an autoantigen such as thyroglobulin in the presence of Freund's complete adjuvant (see Glynn & Holborow 1965) .
In view of what is known about reactions of T and B lymphocytes an alternative interpretation of tolerance to autoantigens can be offered , Weigle 1971 . According to this interpretation many antigens such as thyroglobulin and protein hormones circulate in the developing foetus or young child in low dose, which will inactivate specific T lymphocytes but not B lymphocytes. Under normal conditions autoantibody is not formed because a T cell helper effect is required. If, however, the need for specifically reactive lymphocytes can be overcome for example, by administering cross-reacting antigens or nonspecific stimulation of lymphocytes by adjuvants or allogeneic immunocompetent cellsthen autoantibodies could be formed. When B cells have been made unresponsive, no auto-antibodies should be formed as a result of any such manipulation.
On the basis of this hypothesis certain predictions can be made, which my colleagues and I have recently tested. One is that normal humans should have B lymphocytes able to bind thyroglobulin and this has been found (Bankhurst et al. 1973) . Peripheral blood lymphocytes binding radioactive thyroglobulin were depleted when passed through a column of particles coated with anti-immunoglobulin antibody, which removes B lymphocytes. In animals inoculated with heterologous cross-reacting thyroglobulins or adjuvant, autoantibody against thyroglobulin is readily formed (see Weigle 1971) , and B lymphocytes in the recipients must be responsible. We failed to find human B lymphocytes able to bind human serum albumin, and this may indicate that prolonged exposure to very high doses of this antigen has resulted in a considerable reduction of antigenbinding B cells. Normal mice show lymphocytes binding growth hormone, but none binding homologous serum albumin (Unanue 1971) .
These results suggest that in humans and other animals B lymphocytes capable of high-affinity binding of soluble antigens circulating in high dose, such as serum albumin, are eliminated or inactivated, whereas with antigens circulating in low dose, such as thyroglobulin and protein hormones, B cells capable of binding the antigen are present. Studies in which specific immune responses are obliterated by allowing B lymphocytes to bind highly radioactive antigen, which brings about 'suicide' of these cells, before transfer to irradiated recipients, strongly suggest that the binding cells include those required for antibody formation (see Ada 1970 , Ada & Cooper 1971 and we are at present investigating whether the same is true of B cells involved in formation of autoantibody against thyroglobulin. We have also found (Fialkow et al. 1973 ) that mice inoculated with allogeneic cells, which provide nonspecific lymphocyte stimulation, form autoantibodies against DNA. Allison et al. (1971) have discussed how the 'T cell gap' might be by-passed in human patients, for example by virus infections or drugs which can behave as haptens (e.g. formation of autoantibodies against DNA in patients treated with hydrallazine or procainamide and against Rh antigens of erythrocytes in patients treated with a-methyldopa.)
Suppressor TLymphocytes An additional role of T lymphocytes was postulated in 1971 by Allison (1971) and by Herzenberg (1971) . These lymphocytes are known to provide a surveillance mechanism against tumour cells bearing virus-specific or other new antigens (see Allison 1973a) , and we suggested that they might also exercise surveillance against formation of certain types of antibodies, including autoantibodies.
Evidence that T lymphocytes suppress formation of autoantibodies against erythrocytes in NZB mice has been discussed by Allison et al. (1971) , quoting experimental work by Denman and his colleagues. Transfer of spleen cells (presumably B lymphocytes) from old to young NZB mice resulted in transient Coombs positivity in many of the recipients; formation of autoantibody was increased and continuous in recipients treated with antilymphocytic serum, which affects T cells more than B cells. Experiments in which spleen cells were transferred to irradiated recipients also suggested that T lymphocytes suppress formation of red cell autoantibodies in NZB mice. As the mice age, their T cell reactivity is known to deteriorate, as shown by capacity to mount graftversus-host reactions and other tests, and this may allow the emergence of B cells making antibodies directed against homologous redcell antigens.
A second effect of suppressor T cells which has been studied in detail is the phenomenon of allotype suppression in mice, which is a remarkable example in higher organisms of the regulation of gene expression by antibodies directed against the products of these genes. Allotypes are geneticallycontrolled variant forms of immunoglobulins, and animals heterozygous for allotype genes normally produce both allotypes (one in some B lymphocytes and the other in other B lymphocytes). In rabbits and mice prenatal or early postnatal exposure to anti-allotype antibody suppresses formation of the allotype in animals genetically able to produce it. The Herzenbergs and their colleagues have marshalled strong evidence that in mice allotype suppression is due to the presence of T lymphocytes that specifically suppress the activity of B cells capable of producing the allotype (see Jacobson & Herzenberg 1972) . These B cells are not eliminated and can rapidly be activated if the suppressor T lymphocytes are diluted or eliminated during the course of transfer to irradiated recipients.
Examples of powerful inhibitory effects due to suppressor T cells are accumulating. These have been found to include tolerance to foreign erythrocytes (McCullagh 1970 , Gershon & Kondo 1971 , and high-dose unresponsiveness to haemocyanin (Cooper & Ada 1973 ) and fowl gamma globulin (Basten 1973, personal communication) . Suppression of contact sensitivity in mice described by Asherson at this meeting (p 468) may be a similar phenomenon. Suppressor T lymphocytes Gan be demonstrated by their capacity to inhibit immune responses when transferred to irradiated recipients together with normal lymphocytes, or in other ways. General Comment Concepts of tolerance have changed greatly since Burnet's formulation of the problem in 1959. The discovery of two classes of lymphocytes and their properties has clarified our understanding of the mechanisms underlying tolerance and autoimmunity. Two important mechanisms discovered during the past few years appear to be selective unresponsiveness of T lymphocytes but not B lymphocytes to soluble antigens circulating in low dose and the presence of suppressor T lymphocytes. Less is known about mechanisms of tolerance to histocompatibility and other antigens on cell surfaces, although recent observations also throw new light on this problem (Allison 1972) . This is an active field of research, and no definitive answers can yet be given, although it is clear that earlier formulations represent a considerable over-simplification.
